We studied the function of right internal jugular vein valves during cardiac catheterization in 32 patients and external jugular vein valves in vitro from 13 dogs. Patients with normal central venous pressure had competent valves during cough-induced transvalvular pressure gradients of 52.4 ± 8.6 mm Hg. Ten of 15 patients with elevated central venous pressure had either incompetent or absent internal jugular valves, the latter occurring only in patients with long-standing, severe tricuspid regurgitation. During coughing, competent valves were also demonstrated in the left internal jugular and in the right and left subclavian veins. The excised canine valves were competent at a static transvalvular pressure of 81.8 ± 3.7 mm Hg. Five of six excised valves remained competent during pulsatile transvalvular pressure of 64.8 ± 1.9 mm Hg. Thus, thoracic inlet venous valves are usually competent during sudden increases in intrathoracic pressure. These valves may play an important role in establishing the extrathoracic arteriovenous pressure gradient necessary for forward blood flow during cardiopulmonary resuscitation and other states with high intrathoracic pressure.
valves to rupture after acute thoracoabdominal trauma. Constant8 states that valves in the internal jugular vein are occasionally present but are not effective. Colman9 acknowledges the presence of internal jugular venous valves in man, but claims that they are usually incompetent.
Thoracic inlet venous valves that are competent under high retrograde pressures are thought to play an important role in establishing the extrathoracic arteriovenous pressure gradient necessary for antegrade blood flow during cardiopulmonary resuscitation.", 11 Because of the clinical and physiologic implications of venous valve function, we studied the competence of the right internal jugular vein valve in 32 patients by measuring transvalvular pressure gradients and performing venography at rest and during high intrathoracic pressure produced by coughing. In nine of these patients, we also tested the competence of the left internal jugular and both right and left subclavian vein valves. Finally, we studied canine external jugular vein valves in vitro to delineate the limits of valve competence under both static and dynamic pressure conditions. Methods Thirty-two adult patients who underwent diagnostic cardiac catheterization were studied after they gave informed consent. A double-lumen, fluid-filled Swan-Ganz catheter was passed from the right femoral vein through the right atrium to,the right internal jugular vein. The distal orifice was positioned well above the thoracic inlet in the extrathoracic internal jugular vein and the proximal orifice was positioned below the thoracic inlet in the intrathoracic great veins. Pressures were measured with Statham P23Db transducers, with the zero level set at the level of the right atrium, and recorded on a Honeywell Meddars 200 recorder. The competency of the internal jugular venous valve was tested by asking patients to produce a series of forceful coughs, thereby suddenly increasing intrathoracic pressure. Venous pressures 188 above and below the thoracic inlet were recorded simultaneously during coughing. The catheter was then withdrawn so that both distal and proximal orifices were below the thoracic inlet and intrathoracic venous pressures were again recorded from both orifices during coughing. The Swan-Ganz catheter was then removed and an angiographic catheter was positioned in the right innominate vein. Hand or power injections of 10 ml of Renografin-76 were performed to visualize the internal jugular vein valve and to see if regurgitant venous flow occurred during coughing. In nine of these patients (none with evidence of tricuspid regurgitation), intra-and extrathoracic pressures at rest and during coughing were similarly measured, and venograms of the left internal jugular vein, the right or left subclavian vein and the inferior vena cava were performed.
The venous valves were categorized as follows. A competent venous valve was characterized by a large intra-to-extrathoracic pressure gradient or absent regurgitant venous flow during coughing. An incompetent valve was visible on venography, but had only a small transvalvular pressure gradient and allowed regurgitant venous flow during coughing. An absent valve was defined as one in which no valve leaflets were visualized on venography and in which there was little or no pressure gradient across the thoracic inlet or outlet during coughing.
In Vitro Studies
External jugular veins were excised from 13 mongrel dogs at the termination of other experiments in which no drugs other than anesthetics were used. This vein was selected because it is the functional counterpart of the internal jugular vein in man.'2 The external jugular venous valve at the thoracic inlet was identified and a length of vein that included this valve was measured and marked in situ. The vein was resected beyond the marks and mounted at its in situ length (mean length 6.2 ± 0.6 cm) in a specially constructed airtight Plexiglas chamber. The ends of the veins were connected by flexible Tygon tubing to saline reservoirs whose heights could be varied independently (fig. IA). The fluid level in each reservoir was kept constant by an overflow standpipe and return pump system. The pressure recorded in the vein on the anatomic intrathoracic side of the valve is referred to as P 1; pressure on the extrathoracic side of the valve is referred to as P2. These pressures were measured at the entrance and exit of the chamber. The air pressure in the chamber surrounding the vein is referred to as Pe. Pressures were measured using Statham P23Db transducers and recorded on a Brush 600 recorder. Experiments were performed with both static and pulsatile pressures. In the static tests, P1 and P2 were varied hydrostatically, whereas Pe was increased using a mercury sphygmomanometer. Flow was measured volumetrically. The competence of the valves in the static conditions was tested by various combinations of P 1, P2 and Pe. Valve competence was indexed by expressing the regurgitant flow as a percentage of the antegrade flow when identical antegrade and retrograde transvalvular pressure gradients were sequentially imposed on the vein when Pe was zero. Valves were classified as competent when the index was 0-0.5%, as partially competent when the index was 0.6-15%, and incompetent when the index was greater than 15%. To mimic the in situ condition of a sudden increase in intrathoracic pressure, studies were performed in six veins under pulsatile pressure conditions ( fig. 1B) . The P1 and Pe were cycled between 0 and 85.6 ± 0.6 and 0 and 75.0 + 0.6 mm Hg, respectively, at 10 times/min with a high-pressure phase of 50%. The P2 was held constant at 22.8 ± 1.0 mm Hg. The P1 and Pe were cycled with a modified three-way pneumatic valve (Norgren Nugget spool valve T71-DOO-Tal) and solenoid that was computer-controlled so that the rise time was 0.45 second. Pressures were kept constant by maintaining the height of the reservoirs using an overflow container and return pump. High-pressure tubing (50-100 psi rated) was used to preserve pulsatile integrity and synchrony between Pe and P1. Flows were measured with a cannulating electromagnetic flow probe (Biotronex BL-2045) and sinewave flowmeter (Biotronex BL-613) and were recorded on a Brush 600 recorder. To investigate the RI 189 effects of increasing distending pressure on valve competence, flows were measured with varying transmural (P1 -Pe) pressures. Flow tracings were digitized and analyzed using a Hewlett-Packard 9864 digitizer coupled to a Hewlett-Packard 9810A calculator.
Statistical analyses for both in vivo and in vitro studies were performed using paired and unpaired t tests and one-way analysis of variance. Data are presented as mean + SEM.
Results

In Vivo Studies
Internal jugular venograms in the anteroposterior projection performed at rest and during coughing in a patient with normal central venous pressure (CVP) and in a patient with chronically elevated CVP and severe tricuspid regurgitation are shown in figures 2 and 3. The patient with normal CVP (fig. 2 ) had a competent bicuspid valve in a prominent jugular bulb that bulged during coughing but prevented regurgitant flow. In contrast, the patient with long-standing, severe tricuspid regurgitation had no visible jugular venous bulb or valve ( fig. 3 ) and there was free regurgitant venous flow both at rest and during coughing. Total collapse of the internal jugular vein during coughing was not observed in any patient in whom venography was performed. Patients with incompetent valves had internal jugular vein bulbs and bicuspid valves visible on cineangiography accompanied by varying amounts of regurgitant venous flow during coughing. Figure 4A shows the pressure tracings from a patient with a competent internal jugular venous valve. In the left part of the tracing the orifices of the Swan-Ganz catheter are above and below the thoracic inlet. During coughing, there is a 100-mm Hg peak intra-to-extrathoracic venous pressure gradient. When both orifices are below the thoracic inlet and coughing is repeated, there is no venous gradient. This is in contrast to the pressure recordings ( fig. 4B ) from a patient with severe tricuspid regurgitation and an absent internal jugular venous valve. This patient showed no transvalvular venous pressure gradient during coughing. The venous tracings were superimposable when one orifice was extrathoracic as well as when both orifices were intrathoracic. The pressure tracings from patients with incompetent valves were qualitatively similar to those from patients with absent valves. 190 CI RCULATION Based on the level of CVP, the 32 patients can be divided into two groups. Table 1 shows the pressure and venographic information on the 17 Table 2 shows the pressure and venographic data from the 15 patients who had markedly elevated CVP after angiography (17.5 + 1.2 mm Hg). The peak intrathoracic pressure during coughing in these patients was similar to that in patients with normal CVP. The 15 patients with elevated CVP were divided into three subgroups on the basis of internal jugular valve competence: competent, incompetent and absent. Mean age, CVP and peak intrathoracic pressure during coughing were similar for all three subgroups. The five patients in the first subgroup had competent internal jugular venous valves with a transvalvular cough gradient of 68.2 mm Hg. All of these patients had a visible valve that prevented retrograde flow during coughing and hence were like patients with normal CVP. The second subgroup of five patients with chronically elevated CVP had an internal jugular vein valve that did not prevent retrograde venous flow during coughing. These patients had only a small transvalvular venous pressure gradient during coughing. The third subgroup of five patients with elevated CVP did not have an internal jugular vein valve visible on venography. All five patients had free reflux of contrast material above the thoracic inlet and a small transvalvular gradient during coughing. Thus, 10 of 15 patients with chronically elevated CVP had an absent or an incompetent right internal jugular vein valve.
Nine of the 15 patients with elevated CVP had obvious tricuspid regurgitation as judged by physical examination. Five of these nine had absent and three had incompetent internal jugular vein valves. One patient with tricuspid regurgitation of only 3 months' duration (secondary to carcinoid syndrome) had a competent jugular vein valve. In contrast, of the six patients with elevated CVP without obvious tricuspid regurgitation, four had competent and two had in- yr -jF IGURE 4. Simultaneous venous pressure above and below the thoracic inlet (left panel) and after pullback with both orifices in the thorax (right panel) during two forceful coughs in (A) a patient with chronically elevated central venous pressure (without tricuspid regurgitation) and a competent internal jugular venous valve and (B) a patient with long-standing, severe tricuspid regurgitation, decompensated right-heart failure, and no visible internal jugular venous valve. The large intra-to-extrathoracic pressure gradient across the competent internal jugular valve during coughing and the absence of a gradient after pullback are evident. In contrast, there is no venous gradient across the thoracic inlet before or after pullback in the patient with no visible internal jugular vein valve. competent internal jugular venous valves. Thus, severe tricuspid regurgitation is associated with a high incidence of angiographically absent or incompetent internal jugular vein valves.
In nine patients with tricuspid regurgitation, competent valves were visualized in the left internal jugular and in both the right and left subclavian veins. Peak pressure gradients across these valves during coughing were 54.8 ± 1.1, 74.8 ± 18.2 and 60.8 0.8 mm Hg, respectively. No valves were seen in the inferior vena cava, and during coughing there was no significant intrato-extrathoracic pressure gradient (1.9 ± 1.1 mm Hg).
In Vitro Studies
Thirteen excised canine external jugular veins were studied under static conditions; eight remained competent up to a mean transvalvular gradient of 81.8 ± I EW. 3.7 mm Hg. Of the remaining five veins, three had partially competent and two had incompetent valves. One of the two incompetent valves was anomalous with an atretic valve leaflet and had a second unicuspid valve five mm caudal to the atretic cusp.
At equal antegrade and retrograde transvalvular pressure gradients, the competency index in the eight competent valves was 0.1 i± 0.04%, compared with indexes of 7.8 ± 1.3% and 33.0 + 10% in partially competent and competent valves, respectively ( Figure 5 shows the effect of increased static transmural pressure and, hence, increased venous distention on valve competence in-a competent, partially competent and an incompetent jugular vein valve at a static transvalvular pressure gradient of 66 mm Hg. Despite transmural pressures as high as 96 mm Hg, the competent valve remained competent. For the partially competent valve, regurgitant flow was dependent upon the transmural pressure gradient.
Discussion
The present study documents the presence of competent venous valves in the right internal jugular vein at the thoracic inlet in patients with normal central venous pressure. In contrast, the majority of patients with elevated CVP have dysfunction of this valve. In particular, internal jugular vein valves were angiographically absent only in patients with long-standing, severe tricuspid regurgitation.
The thoracic inlet venous valves may, as Wood suggested," take on the function of the tricuspid valve in tricuspid regurgitation and prevent extrathoracic regurgitant flow. However, with long-standing, severe tricuspid regurgitation the regurgitant venous flow may flatten the leaflets against the vein wall or involute the valve leaflets. This "wear and tear" phenomenon may apply more to the internal jugular valves than to the subclavian vein valves, as the former are in a direct line with regurgitant systolic venous flow from tricuspid regurgitation. This could explain the findings by Muller and Shillingford6 of competent subclavian valves in tricuspid regurgitation. Absence or incompetence of the internal jugular venous valve may accentuate the prominence of regurgitant waves in the neck veins of patients with long-standing, severe tricuspid regurgitation. This is akin to the phenomenon of pulsatile veins of the extremities in patients without tricuspid regurgitation as a residuum of phlebitis with destruction of the venous valves.'3 In addition, Keith7 described "characteristic venous discoloration of the head and neck" in man when the internal jugular vein valves were made The establishment of an extrathoracic arteriovenous pressure gradient may be an important mechanism for forward blood flow during periods of increased intrathoracic pressure, such as during cough-sustained15 or external cardiopulmonary resuscitation.'0 11 This arteriovenous gradient could be produced by competent venous valves, collapse of the veins entering the thorax or differential arterial and venous capacitance. In the present study we delineated the conditions under which the internal jugular vein valve in man and the excised external jugular vein valve of dogs remained competent. We also showed that valves in the left internal jugular and right and left subclavian veins in patients were competent under similar transvalvular pressure gradients. These findings confirm the observations of Lauson et al.,'6 who showed that coughing produces a pressure gradient across the subclavian valves in patients with normal CVP, and Rominger,'7 who venographically demonstrated competent subclavian valves during the Valsalva maneuver. Despite the absence of valves in the inferior vena cava, equalization of abdominal and thoracic vena caval pressures during coughing, as shown in this study, and during external cardiopulmonary resuscitation'0 may prevent significant caudal blood flow. In addition, in patients who have incompetent thoracic inlet venous valves, an extrathoracic arteriovenous pressure gradient during 195 periods of high intrathoracic pressure may be produced by competence of other venous valves, differential arterial and venous capacitance, or collapse of veins entering the thorax. We did not observe venous collapse when intrathoracic pressure was increased by cough. Nonetheless, the possibility of collapse under other conditions cannot be excluded.
We have shown that during coughing, competent thoracic inlet venous valves account for a large intrato-extrathoracic venous pressure gradient in man. The in vitro studies show that the majority of canine external jugular valves were competent under extremely high static and dynamic pressures. Thus, even the excised jugular venous valves remained competent despite sudden increases in pressure analogous to the conditions with chest compression, as in cardiopulmonary resuscitation, and with repetitive coughing.
